Simple climate models performed with a widespread computer tool (Microsoft® Excel) could be useful for researchers or even greenhouse growers. A model of this type was used in three independent studies (heating, ventilation and cooling). The error in the calculation of temperature was lower than 2.5 ºC, and the error in the calculation of relative humidity was lower than 9%, in the validation of the model. The main advantage of the method of modelling is the possibility of fitting the coefficients with the tool SOLVER of Microsoft® Excel in each greenhouse, an easy method for both scientist and growers.
INTRODUCTION
Simulation models have been used to estimate the potential of control strategies (de Zwart, 1997; de Halleux and Gauthier, 1998) . The availability of computer control systems for environmental management allows better climate conditions to be obtained and therefore greater productivity to be achieved. Improved control algorithms have been found effective for energy saving (Spanomitsios, 2001; Körner and Challa, 2003) , and studies to develop humidity controllers related to incident radiation have been undertaken (Zolnier et al., 2000) . However, these algorithms and models are generally difficult to adapt for other research teams. Simple models performed with a widespread computer tool (Microsoft® Excel) could be useful for researchers or even greenhouse growers.
MATERIALS AND METHODS
The experimental greenhouse of Madrid (Spain) had an arch-shaped roof, a steel structure and a single layer cover of metacrylate. The covered soil surface was 132 m 2 . The height from soil to gutter was 3 m, and the area of metacrylate cover exposed to the outside air was 258 m 2 Three independent studies (heating, ventilation and cooling) were performed in the same greenhouse using the same climate model. These studies gave as result three Doctoral Thesis, and part of them has been already published (Perdigones et al., 2008) . The present work deals with the comparison of the performance of the climate model in the three studies. In all cases, tests were carried out in the heating season 2001/02 and . The greenhouse was equipped with four air heaters, side and roof windows, thermal screen and low-pressure fogging system; all the equipment was controlled with timers. Gerbera jamesonii was grown in pots inside the greenhouse. The height of the crop was lower than 0.5 m. Two data acquisition systems (Datataker DT50) were used for recording the climate parameters, essentially temperature and relative humidity. A complete set of the rest of outside climate parameters was supplied by a meteorological station of the University, placed nearby the greenhouse. The heating supply was calculated from the hours of functioning. (Table 1) .
Modelling. Energy and mass balances
A model based in mass and energy conservation equations was developed to evaluate control strategies. In the energy balance, the fluxes considered were the following: -Energy supplied by heating, H (W m -2 -Energy supplied by insolation, β τ S (insolation S, W m ).
-2 -Energy losses through the structure, U (Ti-To). U, overall heat transfer coefficient (closed windows), W m ). Β, fraction of solar radiation converted into sensible heat (non-dimensional) and τ, transmissivity of the cover (non-dimensional). ).
Since the energy balance was dynamic, the sum of the energy fluxes could be different from zero in each period; energy was stored or released by the greenhouse thermal mass, affecting the value of the inside air temperature in the next period considered. This first balance supplied the simulated inside temperature of each period calculated from the parameters of the previous period, with the following equation (∆t, time period in seconds):
The vapour content balance (vapour content, Cw, g kg 
Extraction of the coefficients
Coefficients of the models were extracted with the experimental data (Table 1) , using only the first temperature and vapour content as inside climate inputs of the simulation for each data set. The models were run with iteration employing Microsoft® Excel, until reaching the minimum mean absolute difference between the simulated and real inside air temperatures (for the energy balance) and between simulated and real inside relative humidity (for the water vapour balance; only performed in the experiment of heating). The coefficients related to the energy balance were obtained first, and then the coefficients related to the water vapour balance were extracted. All input data were recorded every 5 min.
The measured heat input, outside temperature, relative humidity and solar radiation of each period, the position of windows and thermal screen, the effect of fogging (Perdigones et al., 2008) , and the initial inside temperature and vapour content values, were used as inputs to the process; the coefficients βτ, U, V, C, A, B, W 1 , W 2 , were the outputs. The inside air temperature and relative humidity were calculated in each iteration with a constant value of the above coefficients from the values of the last five-minute period. The overall absolute error of the iteration was logged and then a new iteration started with other coefficient values until the error could be reduced no further. Microsoft® Excel SOLVER was used to run the search procedure. This software allows some variables to be altered for the purpose of minimising any given error. Therefore, the software tool searched the best coefficients, assuring that the simulated inside temperature and relative humidity were as close as possible to the real values.
RESULTS
The results of modelling in the three studies are presented in tables 1, 2 and 3. Table 1 shows the errors in the calculation of temperature and relative humidity. The error in the calculation of temperature was lower than 2.5 ºC in the validation of the model for the three studies (Figure 1 ). This error was higher in the heating season than in summer, probably since the open window area was variable in the heating season and constant in summer. The error in the calculation of relative humidity was lower than 9% in the validation of the model (Figure 2 ), but it was calculated only in one of the three studies.
The coefficients of the model obtained in the three studies were quite different, depending on the type of coefficient (Tables 2 and 3 ). The value of βτ was 0.31 in the study of heating, 0.62 in the study of ventilation and 0.63 in the study of cooling, but the study of heating was carried out only with night and sunrise data. The difference can be due to the differences in the inclination of the sun; transmittance is higher when radiation is perpendicular to the cover. Probably the mean βτ coefficient of the greenhouse is close to 0.62.
The coefficient U was obtained in two studies (heating and ventilation), with similar values (13.4 and 14.7 W m -2 ºC -1
The coefficient C was different in the three studies (36.2 kJ m ); in the study of cooling a value obtained in the previous heating season was used.
-2 ºC -1 in heating, 136.3 kJ m -2 ºC -1 in ventilation and 75.9 kJ m -2 ºC -1 in cooling). Since C is the heat capacity of the greenhouse, differences probably are due to the fact that the energy input affects to different volumes of the greenhouse in the process. In the process of heating (with air heaters), the energy input mainly increases the temperature of the inside air, with very small increases in the structure and soil. On the contrary, in the study of diurnal ventilation, insolation increases the temperature of inside air, structure and soil, so the higher greenhouse volume involved probably produces a higher value of the C coefficient. Anyway, high variations in the value of C produced small variations in the resulting temperatures, and also small differences in the error of the model. Differences were high in the values obtained for the V coefficients (energy losses through the open windows). This coefficient is probably the weakest part of the model, since the simplifications involved are important. A simple and linear addition of the wind in the equation of energy losses decreased the temperature error from 2.3 ºC to 1.8 ºC in the study of ventilation.
However, in each study, the coefficients obtained with the data set for 2001/02 worked reasonably well in 2002/03 (with the error values mentioned above). With this kind of model, the calculation of the coefficients with data from at least one whole season is probably required to achieve a reasonable level of error in the following season. In our opinion, the main advantage of the method of modelling is the possibility of fitting the coefficients with the tool SOLVER of Microsoft® Excel in each greenhouse, an easy method for both scientist and growers, using the data of the previous season. Similar models require the determination of many coefficients by regression.
CONCLUSIONS -With the model used, the error in the calculation of temperature was lower than 2.5 ºC, and the error in the calculation of relative humidity was lower than 9%, in the validation of the model for three independent studies. -The calculation of the coefficients with data from at least one whole season is probably required to achieve a reasonable level of error in the following season, but this process can be done for each specific greenhouse.
-The main advantage of the method of modelling is the possibility of fitting the coefficients with the tool SOLVER of Microsoft® Excel in each greenhouse, an easy method for both scientist and growers. Ti (next period) = Ti Measured (--) and simulated (---) values of temperature, along 24 hours, in the study devoted to greenhouse cooling. Experimental tests with ventilation, shadethermal screen and fogging. Each curve is the average of 10 days
